The purpose of the present study was to determine whether early alterations in glutamate signaling, via daily injections of the glutamate agonist, domoic acid (DOM; 20 μg/kg), during a critical period of CNS development , would result in temporal memory deficits and/or alterations in tyrosine hydroxylase (TH) immunoreactivity. As adults, subjects were assessed for temporal memory ability using a recency discrimination paradigm. Both number and dura-tion of exploratory contacts directed at familiar objects, differing by one hour in recall delay, were measured. Analyses revealed that DOM-treated females demonstrated temporal memory dysfunction, as evidenced in a significantly lower proportion of total exploratory behaviour directed toward the remote object. Integrity of the dopamine system was as-sessed using immunohistochemistry to examine TH immunoreactivity in the prefrontal cortex (PFC) and nucleus accumbens (NAcc). Sections obtained from DOM-treated males had significantly less TH immunoreactivity in the right mPFC, while DOM-treated females had significantly greater TH immunoreactivity in the left core and right shell of the NAcc. These findings are discussed in context of early alterations to glutamate signaling in the development of human neuropsychiatric disorders.
Introduction
Glutamate (Glu) is the major excitatory neurotransmitter in the mammalian CNS and approximately half of all neurons in the brain are classified as glutamatergic [1] . Glutamate acts on both ionotropic (NMDA, AMPA and kainate [KA] receptors) and G protein coupled metabotropic receptors [1] [2] [3] [4] . Proper levels of Glu signaling in the developing brain are critical as Glu has been shown to play an important role in CNS maturation, regulating neuronal survival, differentiation, and synap-togenis [5] . While appropriate Glu signaling is essential for a variety of neurophysiological processes, aberrant Glu signaling has been implicated in a variety of neuropathological processes, including disorders such as schizophrenia [6] [7] [8] [9] .
While much research has focused on identifying the role of the NMDAR in neurodevelopmental disorders such as schizophrenia, less is known about the influence of the KA receptors (KAR). However, the role of KAR in schizophrenia has been postulated, as KAR regulate the mesocorticolimic DA system at various levels. For instance, KARs directly modulate mesoacccumbens neurons and serve a modulatory function for DA release in the medial prefrontal cortex (mPFC) [10, 11] . We have previously demonstrated that chronic exposure to low doses of domoic acid (DOM; a selective KAR agonist) during a critical period of brain development produces adult animals that demonstrate social withdrawal [12] , deficient pre-pulse inhibition (PPI) [13] and latent inhibition (LI) [14] , and increases in respon-siveness to novelty [15] , which may arguably reflect negative, cognitive, and positive symptoms of schizo-phrenia, respectively. These observations, in conjunction with additional previously published data from our labo-ratory suggesting that early postnatal exposure to low-doses of DOM produce alterations in the functional in-tegrity of the mesocorticolimbic pathway [15] [16] [17] and altered cognitive functioning [17] , are largely consistent with both clinical manifestations of schizophrenia and with those changes reported in existing animal models [18] [19] [20] [21] [22] .
The purpose of the present experiment was to further characterize the effects of early exposure to DOM as they pertain to addressing issues of face validity (e.g., referring to how well a model resembles the clinical syndrome in terms of its symptomatology) and construct validity (e.g. referring to similarities in underlying mo-lecular and cellular processes) in an attempt to determine the prospective utility of this early toxin-treatment re-gime in producing a neurodevelopmental animal model with relevance to schizophrenia. More specifically, the study aimed to evaluate cognitive functions in adult ani-mals using a temporal memory paradigm (reportedly altered in schizophrenia [23] ) and to explore for associated DA alterations in the mesocorticolimbic system. [24, 25] .
Methods

Experimental Animals
Experiments were conducted on the offspring (n = 40) of twelve untimed pregnant Sprague-Dawley rats (Charles River Laboratories, St Constant, QC). Dams were left undisturbed until the day of birth which was defined as postnatal day (PND) 0. Within 24 hours of birth, litters were culled to 10 pups (5 male and 5 female, when possible). Pups from each litter were then pseudo-randomly assigned to either saline (n = 20) or DOM (n = 20) treatments with an equal number of males and females in each treatment and with each treatment balanced within each litter.
Neonatal Toxin Treatment
Domoic acid, obtained from Bio Vectra dcl. (Charlottetown, PE), was dissolved in sterile saline and subcutaneous (s.c.) injections were administered in a volume of 10 ml/kg. From postnatal day (PND) 8 -14, pups were weighed, marked for identification (i.e., tail-marked with a non-toxic marker), and given a single daily subcutaneous injection of either 20 μg/kg DOM or equal volume of saline. Previous work in our laboratory has shown that at this dose, no overt signs of behavioural toxicity are apparent [26, 27] . Pups were weaned on PND 21 and were group housed in a pseudo-random manner such that 2 -3 rats of the same treatment and sex, but not from the same litter, were cage mates. Animals were housed in a colony room which was maintained at approximately 22˚C on a 12 hour reverse light cycle with lights turning on at 07:00 h. All animals received water and food (Purina Lab Chow) ad libitum. All procedures were conducted ac-cording to the guidelines established by the Canadian Council on Animal Care and in accordance with the Animal Care Committee at the University of Prince Ed-ward Island.
Testing Procedures
All behavioural testing was conducted with the experimenter blind to treatment and occurred during the dark phase of the light/dark cycle. Test trials were video-recorded with digital cameras mounted over the arenas for subsequent scoring and analyses.
Temporal Memory Task
Temporal memory performance was assessed in rats at 8 9 months of age. Testing was conducted in a black Plexiglas arena (110 × 40 cm) following a previously described procedure [28] outlined below. Subjects were given a one hour habituation period in the arena in which they were to be tested one day prior to the testing proce-dure. During trials, the objects were centered at each end of the arena, approximately 5 cm from the end walls. Objects were never re-used in more than one test procedure for any subject and both the objects, and the arena was cleaned between trials to eliminate odour cues. The temporal memory task consisted of two sample trials and a test trial, each lasting five minutes. In the first sample trial, subjects explored two distinct objects placed in the arena, one at each end. Following a one hour delay period, in which subjects were returned to their home cages, a second sample trial was conducted wherein subjects explored two novel, distinct objects (i.e., differing from the original two objects). Following a delay interval of either 1 hour, 24 hours or 96 hours, the test trial was then conducted. During the test trial, subjects were given five minutes to explore two familiar objects, one from the first sample trial (i.e., designated as the remote object) and one from the second sample trial (i.e., designated as the recent object). Each subject underwent the testing procedure three separate times (i.e., corresponding to each of the delay intervals, with each testing procedure separated by one week), and with the delay order counterbalanced across subjects. Dependent measures included the percentage of exploratory behaviour directed at the remote object (i.e., both duration of contact and number of contacts). Exploration was defined as sniffing directed at the object and/or contact between forelimbs and the object. It has been established that rats with intact temporal memory direct more exploratory behaviour at more remote objects. Thus, temporal memory dysfunction would be demonstrated if subjects direct a lower percentage of total exploratory behaviour at the more remote objects [28] .
Tissue Processing
Following the completion of behavioural testing, rats were transcardially perfused using 4% paraformaldehyde. Brains were immediately dissected from the skull and post-fixed in 4% paraformaldehyde for 24 hours prior to being stored in 0.08% sodium azide in phosphate buffered saline (PBS). A vibratome was used to cut 50 m coronal sections in the area of the PFC and NAcc (3.7 to 2.2 mm and 1.6 to 1.0mm, respectively) [29] . In addition, control sections and serial sections for cresyl violet counter-staining were kept and processed for each brain.
Tyrosine Hydroxylase Immunohistochemistry
Sections were processed free-floating and were stored in 24-well cell culture plates. The immunohistochemical procedure began with a series of rinses (3 × 5 min unless otherwise stated) in phosphate-buffered saline (PBS; pH 7.3) followed by a 30 minute incubation period in 1% hydrogen peroxide in PBS. Sections were then re-rinsed in PBS prior to being incubated for 30 minutes in 1% sodium borohydride in PBS. Another series of rinses in PBS was then conducted prior to a 30 minute incubation period in blocking serum (10% normal horse serum in PBS). Following the incubation period the blocking serum was removed and sections were treated with the primary antibody to TH (mouse anti-TH, monoclonal) at a working dilution of 1:2000 in PBS for approximately 60 hours at 4˚C. After the incubation period a series of rinses (5 × 5 min) in Tris buffered saline (TBS; pH 7.3) was performed before sections were incubated for 2 hours in biotinylated horse anti-mouse IgG (Vector Laboratories) in TBS in a dilution of 1:100. Tissue was then rinsed in TBS prior to a 2-hour incubation period in avidin-biotin complex, after which the final set of rinses in TBS was performed. Sections were then floated in PBS onto slides before the peroxidase reaction was developed using 0.2% hydrogen peroxide in diaminobenzidine (DAB) for 8 minutes. To quench the reaction, following treatment with DAB sections were rinsed with approximately 2 mL of both PBS and distilled water be-fore being left to dry overnight. The next day, sections were cover-slipped using Permount.
Quantification
Sections containing the mPFC and NAcc (core and shell), from the left and right hemisphere were photographed (250X magnification) using a digital Cannon Rebel EOS xSi camera mounted on a MEIJI trinocular ML5000 series microscope. For projection areas, instances of immunoreactivity were counted as a measure of TH and were operationally defined as dark, punctated dots which represented sites of TH localization. Counts were conducted using a standard counting square that, for the mPFC, was positioned in layer VI of both the left and right hemispheres, approximately 700 μm from the pial surface. For the NAcc, measured were obtained from four standard locations in the left and right core and from two standard locations in the left and right shell regions. For dopaminergic nuclei, immunoreactivity was determined by performing cell counts on immunopositive somata.
Results
Temporal Memory Task
Data obtained from male and female rats were analyzed using separate independent t-tests. A preference ratio was calculated for the remote objects (i.e., determined by the percentage of the total duration and number of exploratory contacts that were directed at the remote object). Analysis of data obtained from female rats demonstrated that DOM-treated rats directed a lower percentage of exploratory contact toward the remote object at 96 hrs [t(17) = 1.928, p = 0.035] (Figure 1(a) ), an effect not present in male counterparts (Figure 1(b) ).
TH Immunohistochemistry
Prefrontal Cortex
An analysis of immunoreactivity in the right mPFC of male rats revealed a statistically significant treatment effect with DOM-treated rats exhibiting less TH staining than SAL-treated counterparts [t(9) = −2.392, p = 0.02] (Figure 2(b) ), an effect not present in female DOMtreated rats (Figure 2(a) ). No other statistically significant differences in terms on immunoreactivity were found for either sex in either hemisphere of mPFC.
Nucleus Accumbens
Analyses revealed statistically significant treatment effects with female DOM-treated rats exhibiting more TH staining than SAL-treated counterparts in the left core [t(10) = −2.691, p = 0.012], and the right shell [t(9) = −3.405, p = 0.004] (Figure 3(a) ); an effect not present in male rats (Figure 3(b) ). No other statistically significant differences in terms of immunoreactivity were found for either sex in either hemisphere of the shell of core re-gions of the NAcc.
Discussion
Results from previous studies in the laboratory have demonstrated that early alterations in Glu signaling through daily injections of the Glu agonist DOM during a critical period of CNS development (e.g. PND 8 -14) results in various behavioural abnormalities [12] [13] [14] [15] [16] [17] that are consistent with those exhibited in existing animal models of schizophrenia. Thus, the current study was conducted to evaluate timing behaviour and TH immunoreactivity, two assessments that are relevant in further determining whether this early toxin treatment regime may show potential utility in capturing some endophe Analyses of data obtained during temporal memory testing revealed that adult DOM-treated females tested with the 96-hour delay directed a lower proportion of their total time spent exploring at the remote object, a finding consistent with studies demonstrating temporal memory dysfunction in the clinical population and in rodents following vasopressin 1-b receptor knockout [30] , irreversible lesion of the mPFC [28] , and reversible le-sions of the hippocampus [31] ; all of which have relevance to schizophrenia.
Immunohistochemical analyses revealed alterations in both the nuclei and projection areas of the mesocorticolimbic DA system, with DOM-treated male rats demonstrating significantly less TH in the right mPFC, while female subjects had significantly more TH in the left core and right shell of the NAcc. Such alterations are likely to be the result of either alterations in the number of DA somata and/or altered expression of TH. Regardless of the source of dopaminergic alterations, these results are consistent with studies of the clinical population which have shown decreased density of TH-immunoreactive axons in layers III and VI of the entorhinal cortex and in layer VI of dorsomedial PFC of individuals with schizophrenia [32, 33] . Also, rodents injected with the compete-tive NMDAR antagonist CGP 40116, a treatment that is hypothesized to have relevance to schizophrenia, have been found to exhibit decreased the density of TH-immunoreactive axons in both the deep layers (V/VI) and superficial layers (II/III) of the mPFC [34] . Significant increases in TH in the NAcc have also been observed in adult pups that were exposed to prenatal inflamationinduced hypoferremia; another treatment with relevance to schizophrenia [35] .
Significantly, these neurochemical findings, thought modest, are consistent with behavioural abnormalities following neonatal exposure to DOM. The observation of increased TH in the left core and right shell of the NAcc in DOM-treated females is consistent with the previous finding of increased sensitivity to the rewarding proper-ties of nicotine in DOM-treated females using a condi-tioned place preference paradigm [16] . This increase in sensitivity to the rewarding properties of nicotine is significant as heightened responsiveness to reward is likely to result of increased activity of the mesolimbic DA pathway which terminates in the NAcc, a finding that is consistent with increased TH in both the left core and right shell of DOM-treated adult females. Also, it is proposed that nicotine dependence is dependent on plasticity of the mesocorticolimbic DA system [36] , thus suggesting that the functional integrity of the mesolimbic DA system has been altered by neonatal treatment with DOM. Additionally, the finding of decreased TH in the right mPFC of DOM-treated males is consistent with and pre-vious findings of abnormal social interaction, a negative symptom of schizophrenia which is associated with hypodopaminergia in the prefrontal cortex, in DOM-treated males [12] .
Notably, there were numerous sex differences found in the immunohistochemical and temporal memory paradigms. These sex differences are consistent with the re-sults of various studies in our laboratory that have shown sex-specific alterations in behavioural tests of social withdrawal [12] , PPI [13] , LI [14] , and emotionality [37] . However, while sex differences have been consistently observed, the source of these differences is, as of yet, undetermined. Such differences may be the result of differences in developmental time-lines for each sex with males appearing to have a larger window of vulnerability to insults [38] , females appearing to be more vulnerable in early post-natal period as compared to males [39] , and developmental time-points may not be equivalent (i.e., females appear to mature faster than males) [40] .
Conclusion
Results from the current study are of importance in that both behavioural and neurochemical alterations were detectable following neonatal treatment with a very low dose of a KAR agonist during a critical period of brain development. These findings are characteristic of schizophrenia and thereby further validate a novel neurodevelopmental animal model of schizophrenia, a model which may have applicability in advancing out understanding of this devastating neuropsychiatric disorder.
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